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We present a simple and up-scalable method to produce highly repaired graphene oxide with a large surface 
area, by introducing spherical multi-layered graphene balls with empty interiors. These graphene balls are 
prepared via chemical vapor deposition (CVD) of Ni particles on the surface of the graphene oxides (GO). 
Transmission electron microscopy and Raman spectroscopy results reveal that defects in the GO surfaces 
are well repaired during the CVD process, with the help of nickel nanoparticles attached to the functional 
groups of the GO surface, further resulting in a high electrical conductivity of 18,620 S/m. In addition, the 
graphene balls on the GO surface effectively prevent restacking of the GO layers, thus providing a large 
surface area of 527 m 2 /g. Two electrode supercapacitor cells using this highly conductive graphene material 
demonstrate ideal electrical double layer capacitive behavior, due to the effective use of the outstanding 
electric conductivity and the large surface area. 



Synthesis of highly repaired graphene oxides which have high electrical conductivity and large surface area is 
one of the most important issues in graphene research, as most large scale graphene-based applications use 
a suspension of graphene oxide (GO) or reduced graphene oxide (rGO) due to its large scale production at 
low cost. Unfortunately, the oxidation process generally introduces significant defects in the as -synthesized 
graphene oxide, degrading its unique properties such as superior carrier mobility, mechanical strength and 
chemical stability 1,2 . 

Several different methods, which include chemical reduction 3 " 5 , thermal assisted reduction 6 " 11 , metal doping 12 , 
organic compounds hybridization 13 , and hydrocarbon gas assisted chemical vapor deposition 14 " 16 , have been 
primarily used to restore the original characteristics of graphene. Chemical reducing agents, such as hydrazine 3,4 
and alcohol 5 , were used to repair graphene oxide by removing hydroxyl and epoxide groups on the graphene 
sheets. In addition, thermal treatment using various heating sources such as a furnace 6 " 9 , microwave 10 , and laser 11 
could reduce graphene oxide by eliminating oxygen functionalities through the release of gaseous molecules of 
H 2 0, CO, and C0 2 at high temperature. In spite of the intensive research efforts in this field, many limitations in 
the production of high quality graphene from the chemically driven graphene remain, because oxygen function- 
alities cannot be perfectly removed, and defects (e.g. missing carbon atoms, holes on the carbon network) are not 
sufficiently repaired by these approaches 17 . Furthermore, it is very difficult to control the reduction level using a 
chemical reduction process. As for the thermal treatments, rapid expansion of graphene oxide during heating also 
produces a considerable number of defects in the graphene lattice, although thermally reduced GO (TRGO) 
shows relatively good restoration of electrical conductivity at high temperature. These defects can vitiate the 
electrical and mechanical qualities of graphene. 

Moreover, reduced GO (rGO) is prone to re-stacking due to strong n-n interactions and van der Waals forces 
between the planar basal planes of graphene sheets. It is therefore very difficult to obtain highly conductive 
graphene with a large surface area from graphene oxide. Although other methods such as metal doping 12 , organic 
compounds hybridization 13 , and hydrocarbon gas assisted chemical vapor deposition 14 " 16 have been suggested to 
enhance the electrical properties of graphene oxides, they are largely limited to a thin film type process, which 
is not adaptable for mass production. Hence, a simple method for large-scale production of highly repaired 
conductive graphene oxide without restacking is extremely desirable in the field of graphene research. 
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Figure 1 | (a-c) Schematic illustration of the synthesis of repaired graphene oxide sheets/multi-layered graphene balls 3D hybrids (RGGB). 




Here, we report a new method for fabricating highly repaired 
graphene oxide with a large surface area, by incorporating multi- 
layered graphene balls onto graphene oxide sheets. In this synthesis, 
nickel nanoparticles, attached to the oxygen functionalities of the 
graphene oxide surface, serve not only as a template for the CVD 
grown multi-layered graphene balls, but also as a catalyst for the 
repairing of defects in the graphene oxide sheets. It is found that 
defects of the GO surfaces are highly repaired during the CVD pro- 
cess, with the help of the attached nickel nanoparticles, resulting in a 
high electrical conductivity of 18,620 S/m. Moreover, the graphene 
balls prevent the agglomeration of graphene sheets, thus ensuring a 
large specific surface area (—527 m 2 /g). This highly repaired gra- 
phene oxide with graphene balls (RGGB) shows good electric double 
layer capacitor (EDLC) performance, arising from the superior elec- 
trical conductivity and large surface area. 

Results 

The overall synthesis process is depicted in Figure 1. The graphene 
oxide-nickel nanoparticle composite (GONi) was first prepared by 
mixing the GO dispersion in water with the 0.1 M NiCl 2 solution in 
ethanol, followed by addition of a reduction agent, hydrazine. 
Abundant oxygen functionalities (e.g. carboxyl, hydroxyl, and epox- 
ide) on the GO surface act as reactive sites for the nucleation and 
growth of nickel nanoparticles 18 . The hydrazine not only reduces the 
GO, but also yields nickel hydrazine complexes such as Ni(N 2 H 4 ) 2 Cl2 
or Ni(N 2 H 4 ) 3 Cl 2 on the surface of the GO 19 . When NaOH is put into 



the mixed solution, nickel hydroxide (NiOH) is formed by ligand 
exchange of the Cl 2 ion with OH". Further reaction with hydrazine 
produces the GO-Ni composite: [2Ni 2+ + N 2 H 4 + 40H~ 2Ni + 
N 2 + 4H 2 0] (Fig. 1 a). Next, the spherical multi-layered graphenes, 
named graphene balls, were prepared on the surface of the nickel 
particles by chemical vapor deposition (CVD) at 700°C with CH 4 
gas. The carbon dissolution and precipitation steps produce multi- 
layered graphenes on the nickel surface 20,21 . (Fig. 1 b) It is crucial to 
note that copper is not suitable for producing the graphene ball, 
because mainly single layer graphene is produced on the copper 
surface 22,23 , and the single layer graphene balls are easily collapsed 
after removing the copper core. Thus, nickel was used to grow multi- 
layered graphene on the GO surface, and the repaired graphene oxide 
with multi-layered graphene balls (RGGB) was successfully pro- 
duced after removing the nickel cores by hydrochloric acid solution. 
(Fig. 1 c) 

Wide-angle x-ray scattering (WAXS) was performed in order to 
monitor the changes in structure of GONi after the CVD process at 
different temperatures. As -synthesized GONi exhibits prominent 
diffraction peaks of nickel (JCPDS #.04-0850), which indicates that 
the nickel particles were formed on the graphene sheets (Fig. 2, black 
line). In addition, no clear graphite (002) peak (20 ~ 26.5°) that can 
be attributed to the diffraction of multi-layered graphene balls was 
observed in the as-prepared GO-Ni composites, because the nickel 
nanoparticles hinder the restacking of graphene layers. The graphite 
peak becomes noticeable from a temperature of 700°C (Fig. 2, green 
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Figure 2 | WAXS patterns of GONi after the CVD process at different temperatures; (black) As-synthesized, (red) 600 °C, (green) 700 °C, and (blue) 
800°C 
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line), indicating the presence of multi-layered graphene balls on the 
nickel surface. The peak becomes more prominent at 800 °C, with 
increasing graphene layers of the balls (Fig. 2, blue line). It must be 
noted though, that we cannot exclude the possibility of the restacking 
of graphene oxide during the CVD process at high temperature, due 
to the sintering of intercalated nickel nanoparticles. In fact, nickel 
nanoparticles are easily sintered and agglomerated at high temper- 
ature, and it is thus hard to maintain the shape and size of the initial 
Ni nanoparticles 24 . Accordingly, we selected 700 °C as the CVD tem- 
perature. The size of the nickel nanoparticles on the synthesized 
GONi is sub 100 nm (Fig. SI a), and this is maintained until 
700°C with thin graphene ball layers (Fig. SI c). On the other hand, 
the Ni particles severely sintered at 800 °C, resulting in an increase in 
the size of the nickel particles and the thickening of the layers of the 
graphene balls (Fig. SI d). Hence, the highly conductive repaired 
graphene oxide with multi-layered graphene balls (RGGB) was pre- 
pared at 700 °C, and the nickel core was removed by hydrochloric 
acid. The energy dispersive X-ray spectroscopy (EDX, Fig. S2), and 
the wide-angle x-ray scattering (WAXS, Fig. S3) measurements con- 
firmed that the nickel particles surrounded by graphene balls were 
successfully removed after hydrochloric acid treatment. 

Figure 3 shows scanning electron microscopy (SEM) and trans- 
mission electron microscopy (TEM) images of the well dispersed 
multi-layered graphene balls on the repaired graphene oxide sheet. 
Figure 3a shows these well dispersed multi-layered graphene balls 
formed on the graphene sheets. Most of the graphene balls are spher- 
ical, but ellipsoidal balls also coexist 25 . Due to the short CVD reaction 
time (10 min), the carbon layer is likely to sustain the ellipsoidal 
shape. In addition, most of the graphene balls are under 100 nm in 
diameter, indicating that sintering of nickel nanoparticles is not 
severe at 700°C. Graphene balls under 100 nm in size are well dis- 
persed on the graphene sheets (Fig. 3b), and the inset high- resolution 
TEM image shows a multi-layered graphene ball (—10 layers). This 



image also indicates that the multi-layered graphene grows on the 
nickel surface without the growth of amorphous carbon. Figure 3c 
shows a repaired graphene sheet with a graphene ball, in which the 
basal plane of the repaired graphene sheet exhibits a hexagonal elec- 
tron diffraction (ED) pattern (Figure 3d). This clearly indicates that 
the graphene oxide is greatly reduced and repaired, and each gra- 
phene sheet is not restacked. In general, the ED pattern of repres- 
entative GO exhibits a broad ring shape pattern due to the many 
defects and holes produced during the severe oxidation process (Fig. 
S4) 26 ' 27 . The hexagonal array of 2D carbon atoms thus shows that the 
graphene balls have been successfully formed on the graphene oxide 
sheets, which have been effectively repaired through the optimized 
CVD process. 

To further verify the successful repair of the graphene sheets by the 
graphene balls, Raman spectroscopy was performed at 633 nm laser, 
comparing the RGGB with chemically (N 2 H 4 ) reduced GO (HRGO) 
and thermally (700°C) reduced GO (TRGO) (Figure 4 a,b). Two 
prominent peaks at —1355 cm _1 (D) and 1575 cm _1 (G), and two 
smaller peaks at -1600 cm _1 (D') and -2700 cm _1 (2D) are attrib- 
uted to graphitic carbon materials 28 " 30 . RGGB has two types of 
Raman spectra as shown in Figure 4a. The first spectrum (black line) 
comes from the repaired graphene oxide sheets, and has a relatively 
high D peak. The other spectrum (red line) originates from the multi- 
layered graphene balls, and is similar to the typical spectrum of 
carbon nanotubes (CNT) grown on transition metal surfaces 31,32 . 
The 2D peak position of the graphene ball is slightly upshifted with 
respect to repaired graphene oxide sheets because of its multiple 
layers, and is similar to the Raman spectrum of common multi- 
layered graphene sheets (<10 layers) 28 . Figure 4b shows a compar- 
ison of the Raman spectrum of the graphene sheet of RGGB with 
those of HRGO and TRGO. The ratio of the D peak to the G peak 
intensity, I d /Ig> f° r the graphene sheet of RGGB (I D /I G = 0.91) has 
the lowest value, compared to that of HRGO (I d /Ig = 1-32) and 
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Figure 3 | (a, b) SEM and TEM images of RGGB that display well dispersed multi-layered graphene balls on graphene sheets, (inset) High-resolution 
TEM image of a multi-layered graphene ball, (c) High-resolution TEM image of RGGB. (d) Selected area electron diffraction pattern (SAED) of the basal 
plane of the repaired graphene oxide sheets. 
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Figure 4 | (a) Two types of Raman spectra of RGGB. (b) Raman spectrum of different reduction treatments (RGGB, TRGO, HRGO) using a 633 nm 
laser. The Cls XPS spectra of (c) as-synthesized GO and (d) RGGB. (e) The survey XPS spectra of RGGB, and (f) N1S XPS spectra of RGGB. 



TRGO (I d /Ig = 1.2 1) 15 . This result indicates the effective removal of 
defects and the restoration of sp2 carbon during the Ni assisted CVD 
process, as the ratio of D/G is directly related to the average size of the 
sp2 carbon domain 33 . In addition, the 2D peak of the graphene sheet 
of RGGB is sharp with a high intensity, and the peak position is below 
that of the graphene ball. This implies that the repaired graphene 



sheets have maintained their single layer without restacking during 
the CVD process at 700 °C, as the 2D peak is generally upshifted with 
increasing layers of graphene sheets 28 . 

To analyze the change in the oxidation functionalities of carbon 
during the process, X-ray photoelectron spectroscopy (XPS) was 
used (Figure 4 c-f). The XPS spectrum of GO shows three prominent 
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Figure 5 | Nyquist plots for RGGB and HRGO electrodes measured with AC amplitude of 10 mV over the frequency range of 100 kHz and 0.01 Hz. 

(The inset shows the magnified high frequency regions.). 



peaks at 284.3 eV, 286.5 eV, and 287.5 eV, corresponding to -C-C- 
bonds, -C-O- bonds, and -C=0 bonds respectively (Fig. 4 C ) 2 ' 34,35 . In 
comparison, the intensities of the -C-O- and -C=0 functional 
groups were significantly reduced in RGGB (Fig. 4d). The main peak 
at 284.3 eV indicates the graphite-like sp2 -C-C- bond, thereby 
showing that most of the carbon atoms are arranged in a honeycomb 
lattice. A new peak at 285.5 eV corresponds to C-N bonds 2 . The C/O 
atomic ratios were significantly increased from 1.67 (HRGO) to 5.67 
(RGGB), indicating that most of the oxygen functional groups were 
successfully reduced. Interestingly, nitrogen was observed in 
Figure 4e. The high resolution N Is spectrum of RGGB (Fig. 4f) 
shows two peaks at 397.9 eV and 399.6 eV, corresponding to 
C=N and C=N respectively 36 . Recent results have demonstrated 
that the oxygen containing functionalities present on GO, such as 
carbonyl and carboxylic groups, cause C-N bond formation during 
reduction with hydrazine 2 . N doping can modify graphene electronic 
properties because it contributes to additional charge carriers. 

To further support the reduction in the number of oxygen func- 
tional groups, Fourier Transform-Infrared spectroscopy (FT-IR) was 
used (Fig. S5), by comparing RGGB with GO and HRGO. The FT-IR 
spectrum indicates that the O-H stretching vibration at 3400 cm -1 
for GO was eliminated in both the spectra of HRGO and RGGB, but 
the C=0 double bond at 1724 cm" 1 and C-O stretching vibrations at 
1200 cm" 1 still remain on the HRGO. However, RGGB has few 
functional groups, and has almost the same FT-IR spectra as pristine 
graphite, indicating that most of the carboxyl, hydroxyl, and epoxide 
groups have been reduced by CVD process. 

Electrical conductivities of RGGB samples were determined using 
a pellet-type sample with a four-point probe 37 . The thickness of each 
sample was estimated by optical microscope and scanning electron 
microscopy (SEM) (Fig. S6). RGGB is highly electrically conductive 
at 18,620 S/m (t = 183 um). (Table SI) HRGO was used as a ref- 
erence sample under identical conditions, showing an electrical 
conductivity of 1,589 S/m (t = 162 |im). It is noteworthy that the 
pellet-type RGGB sample shows comparable electrical conductivity 
with thin film type reduced graphene samples 38 . Compared to 
HRGO, RGGB thus shows more than 10 times the electrical conduc- 
tivity, indicating that the GO sheet of GONi was successfully repaired 
during the CVD process at 700 °C, with the help of the nickel catalyst. 



This is in agreement with the hexagonal pattern in the SAED of the 
repaired graphene sheet. In our approach, Ni particles are likely to be 
attached to the oxygen functional groups on the GO sheets 18 . The 
repair of defects in graphene can only occur on the top-most layer 19 , 
thus it is important to have nickel on the defects sites of each indi- 
vidual graphene sheet. Owing to the catalytic effect of Ni during the 
CVD process, defects on the graphene sheets are repaired to produce 
a hexagonal array of carbon atoms, resulting in superior electrical 
conductivity. When we consider that the electrical conductivity of a 
common graphene-based carbon electrode is under 1,200 S/m 
(Table S2), the high conductivity of the RGGB is very significant. 

Based on the N 2 adsorption analysis, a specific surface area of 
527 m 2 /g was determined for RGGB, which is 53% higher than for 
HRGO (340 m 2 /g) 39 . (Fig. S7) This is a direct result of the graphene 
balls successfully preventing the restacking of graphene sheets and 
providing additional surface area. When we consider general GO 
easily restacks in ambient conditions because of the n-n interaction 
between graphene sheets, the presence of graphene balls on graphene 
sheets becomes very important. RGGB can thus maintain its high 
surface area under the storage in air condition due to the graphene 
balls. 

Discussion 

To show the novelty of the high electrical conductivity and porous 
network of RGGB, an impedance test was conducted over a fre- 
quency range of 100 kHz to 0.01 Hz. Using the circuit depicted in 
Figure 5, the Nyquist plot for RGGB shows a sharp increment in the 
imaginary part of the impedance, demonstrating an ideal capacitive 
behavior. (Fig. 5) 40 " 42 Compared to the plot of HRGO, it has an 
almost vertical line plot in the low frequency region. (Fig. 5, inset) 
The charge transfer resistance (Ret) of RGGB is 0.91 ohm, which is 
much lower than that of HRGO (Ret = 3.73 ohm). Moreover, the 
knee frequency of RGGB is 158.5 Hz, indicating better ion diffusion 
ability than HRGO (79.4 Hz) because the porous network of RGGB 
provides sufficient void space. In the high frequency region, RGGB 
shows a smaller semicircle plot, which means that it has lower res- 
istivity than HRGO. This result is in agreement with the superior 
electrical conductivity of RGGB (—18,620 S/m) as compared to 
HRGO (-1,589 S/m). 
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IR drops against the current density of 1 A/g in the inset, (c) Dependencies of the specific capacitance of RGGB and HRGO electrodes on various current 
densities, ranging from 0.5 to 30 A/g, for charge/ discharge behavior, (d) Cycling stability of RGGB measured with a two-electrode cell at a constant 
current density of 1 A/g over 1000 cycles. 



This fabrication approach has the additional advantages of adapt- 
ability to mass production (Fig. S8), and nickel recyclability. During 
the nickel removing process, the reaction of nickel and hydrochloric 
acid produces hydrogen gas and nickel chloride [Ni + 2HCI — > NiCl 2 
+ H 2 ], permitting the recovery and re-use of NiCl 2 . Figure S9 shows 
NiCl 2 solution before and after use, and both solutions possess the 
same yellowish-green color, indicating the presence of NiCl 4 2 " in 
aqueous solution 43 . This shows that it is possible to recycle the nickel 
precursors. Because the disposal of heavy metals can cause severe 
environmental problems, recyclability of nickel is a significant factor 
from an industrial point of view. 

To evaluate the electrochemical performance of RGGB with high 
electrical conductivity and a large surface area, we measured the 
performance of supercapacitor cells using two electrode systems with 
1 M H 2 S0 4 electrolyte. For reference samples, HRGO was tested 
under identical conditions. In Figure S10, the RGGB electrode shows 
nearly symmetrical rectangular shapes for the cyclic voltammetry 
(CV) curves with various scan rates in the range of 0.0 to 1.0 V, 
indicating an ideal electrical double layer capacitive behavior 40 . 
The capacitive performance was further investigated from the galva- 
nostatic charge/discharge profile in Figures 6 a and b. The curves at 
various current densities (0.5-30 A/g) exhibit a nearly triangular 
shape, suggesting that both fast electron transfer and ion diffusion 
occurred in the RGGB electrode. Based on the discharge curve line, 
the specific capacitance of the RGGB was 171 F/g at 1 A/g, which is 



50% higher than for HRGO (114 F/g at 1 A/g). Compared to other 
graphene-based supercapacitors listed in Table S2, our supercapaci- 
tor devices show good specific capacitance without an additional 
pseudo- capacitance 44 ' 45 , due to effective use of the large specific sur- 
face area and high electric conductivity. The insets of Figures 6a and b 
show the IR drop at the discharge current density of 1 A/g, which 
indicates the internal resistance of the cells. Because a portion of the 
total internal resistance is attributed to the choice of electrode mater- 
ial 46 , RGGB with a higher conductivity shows an IR drop 10% lower 
than that of HRGO. The results correspond to the Nyquist plots, and 
suggest the high rate capability of the RGGB electrode. 

Figure 6c shows the capacitance retention of RGGB at different 
charge/discharge current densities. At high current density, RGGB 
still displays a high specific capacitance value (80% capacitance 
retention at 30 Ag" 1 ) as compared to HRGO (56% capacitance 
retention at 30 Ag" 1 ), again indicating that the higher electrical con- 
ductivity of RGGB facilitates charge-transfer, and that the larger 
space provided by the multi-layered graphene balls allows for effec- 
tive ion diffusion even at high charging/discharging rates. In addi- 
tion, the cycling stability, which is the one of the most critical 
requirements for practical application, was tested with a two -elec- 
trode cell at a constant current density of 1 A/g. The RGGB electrode 
retained 97.4% of its initial specific capacitance even after 1000 
cycles, indicating the good electrochemical stability of RGGB. 
(Fig. 6d) 
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In summary, we have developed a simple and up-scalable method 
to produce highly conductive repaired graphene oxide, by adding 
multi-layered graphene balls onto the GO surface. With the help of 
a nickel catalyst, defects in the graphene oxide sheet are successfully 
repaired, and multi-layered graphene balls are simultaneously 
formed on the nickel nanoparticles by the CVD process. After 
removing nickel with hydrochloric acid, the resulting RGGB has a 
superior electrical conductivity of 18,620 S/m and a large specific 
surface area of 527 m 2 /g. Moreover, the recyclability of the nickel 
catalyst makes the process more attractive to industry as an envir- 
onmentally friendly method. The resulting repaired graphene oxide 
shows ideal electrical double layer capacitive behavior, due to effec- 
tive use of the high electrical conductivity coupled with the large 
specific surface area. The RGGB's superior properties, such as high 
electrical conductivity, large surface area, and chemical stability, 
make it attractive for various potential electrochemical applications, 
including energy storage (lithium ion battery, lithium- air battery, or 
lithium- sulfur battery), sensors, photo-catalysts, and environmental 
protection. 

Methods 

Preparation of GO. Graphene oxide was first synthesized using a modified Hummers 
method. Graphite powder ( 1 g, Aldrich) was first added to sulfuric acid (98%, 30 ml). 
Then, potassium permanganate (3.5 g), an oxidizing agent, was gradually added to 
the graphite solution with vigorous stirring for 10 min. After allowing the reaction to 
proceed at 35 °C for 2 h, the solution was cooled in an ice bath and diluted with 
deionized water (200 ml). In the following 1 h of stirring, hydrogen peroxide 
(100 ml) was added to the reaction solution. The mixture was then filtered and 
washed several times with hydrochloric acid (10%). The remaining solvent was 
evaporated under vacuum at room temperature for 12 h. As prepared GO are 
comprised of isolated single to few layer sheets with 1 nm of height and 1 — 5 um of 
flake size, with the typical Raman spectrum of GO (Figure Sll) 1 . 

Synthesis of repaired graphene/multi-layered graphene ball composite (RGGB). 

GO was suspended in deionized water and ultrasonically treated for 1 h. The GO 
dispersion was mixed with nickel chloride (0.1 M in ethanol, Aldrich), and the 
mixture was vigorously stirred at 70°C for 2 h, followed by addition of hydrazine 
monohydrate (35 wt% in H 2 0, Aldrich). After reaction at 70°C for 2 h, the magnetic 
stirring bar was removed and the solution was shaken for 2 h with 1 M NaOH 
solution. The resulting solution was filtered and washed with EtOH and H 2 0 in order 
to remove the remaining sodium and chloride salts. The powder was then heated to 
700°C using a tube furnace with argon gas, followed by the insertion of CH 4 and H 2 
gas for 10 min. Finally, the repaired graphene/multi-layered graphene balls 
composite (RGGB) was obtained by dissolving the nickel using hydrochloric acid 
solution. 

Material characterizations. The prepared samples were characterized by X-ray 
diffraction (XRD, Rigaku D/Max-RB (12 KW)) using Cu Koc radiation (X = 

0. 15406 nm), scanning electron microscopy (SEM, FEI Nova230), a transmission 
electron microscope (TEM, Philips Technai F20), an atomic force microscope (AFM, 
Park systems XE- 100), Raman spectroscopy (Horiba Jobin Yvon ARAMIS) using Ar 
ion CW Laser (514.5 nm), X-Ray photoelectron spectroscopy (XPS, Thermo VG 
Scientific Sigma Probe), and Fourier-transform infrared spectroscopy (FT-IR, Bruker 
Alpha-P). N 2 adsorption was carried out at 77 K by a Micromeritics ASAP 2000. The 
electrical conductivity of the samples was measured using the four-point probe 
technique (Loresta-GP, Mitsubihi Chemical) with a pellet sample (13 mm in 
diameter) pressurized at 0.6 ton for 30 s at room temperature. 

Electrochemical characterization. Electrochemical measurements were carried out 
using two-electrode sandwich-type construction cells with a separator (nitrocellulose 
film) between the two symmetrical working electrodes. The electrolyte used was 1 M 
H 2 S0 4 solution, and a stainless steel (SS) foil was used as a current collector. A 
mixture containing 95 wt% active material and 5 wt% poly(vinylidene fluoride) 
binder in N-methyl-2-pyrrolidone was well mixed and then pressed onto the SS foil 
(1.0 X 10 7 Pa). The electrochemical performance of the prepared electrodes was 
characterized by cyclic voltammetry (CV), electrochemical impedance spectroscopy 
(EIS) measurements, and galvanostatic charge-discharge tests. The experiments were 
performed using a VersaSTAT 3 (Princeton Applied Research) workstation 
controlled by a computer. 
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